Abnormally activated PI3K/Akt signaling pathway is one of the most important biological characteristics of Hemangioma. 3-phosphoinositide-dependent kinase 1(PDK1), an upstream protein of Akt, regulates the activity of Akt and its downstream kinases. The objective of this study is to explore the effect of PDK1 on malignant vascular tumors and their cell signaling mechanism in mice. Methods: Mouse Hemangioendothelioma Endothelial Cells (EOMA cells) and Nu/Nu mice were used. The silencing of PDK1 was mediated by lentiviral shRNA. Western blotting, WST-1 proliferation assay, Matrigel invasion assay, and Xenograft vascular tumor model were utilized to examine the effects and mechanism of PDK1 growth, proliferation, and invasion of an Hemangioma. Results: PDK1 deficiency significantly reduced the proliferation and invasion of EOMA cells in vitro, and depressed the growth of vascular tumor in vivo by decreasing the activity of Akt signaling pathway. Conclusion: We hypothesize that PDK1 plays a significant role in the progression and growth of vascular tumors and targeting PDK1 may thus be considered in their treatment.
Introduction
Hemangiomas are common vascular endothelial cell tumors that appear with a wide range of clinical manifestation. It can start of as benign cases of infant Hemangiomas to low-graded malignant Hemangioendothelioma and Angiosarcoma, occurring more commonly in adults. In comparison to normal vascular endothelial cells, the proliferation rate and invasion capabilities of a vascular tumor endothelial cells are much greater.
Abnormal process of the signaling transduction pathway is an important biological characteristic of the tumor cells. For example, PI3K/Akt signaling pathway is crucial for maintaining the biological properties of the malignant cells. By activating PI3K/Akt signaling transduction pathway, the cell proliferation and differentiation are induced via a series of internal and external factors to avoid apoptosis [1] [2] [3] . Since this signaling pathway tends to be dysfunctional in most of the human tumors, it often becomes the target site for molecular cancer therapy.
As an upstream protein of Akt, 3-phosphoinositide-dependent kinase 1 (PDK1) regulates the activities of Akt and its downstream kinases [4] . Research has been found that PDK1-mediated PI3K/Akt signaling pathway is associated with various types of cancers including melanoma, breast cancer, lung cancer, stomach cancer, prostate cancer, ovarian cancer, and pancreatic cancer [5] . PDK1 is over-expressed in most of the cancer cells [6] . The study has also showed Akt signaling pathway was over-activated in hemangiomas. Thus, inhibiting the expression of PDK1 followed by decreasing the activity of Akt may become a new treatment strategy for hemangioma.
Currently, there are only a few number of studies related to PDK1 in hemangioma. In this study, targeting PDK1 silencing via lentiviral-mediated shRNA demonstrated its effect and mechanism on the growth, proliferation and invasion of hemangioma, and thereby resulted a new method of therapy.
Materials and Methods

Antibodies and reagents
All the antibodies including Akt (#9272), Phospho-Akt (Thr308) (C31E5E) (#2965), PhosphoAkt (Ser473) (#9271), PDK1 (#3062), Phospho-S6 Ribosomal Protein (Ser235/236) (2F9) (#4856) and β-Actin (8H10D10) (#3700) were purchased from Cell Signaling Technology. VEGF (vascular endothelial growth factor) was purchased from R&D System. Matrigel was purchased from BD Biosciences. WST-1 was purchased from Sigma.
Cell culture
Mouse Hemangioendothelioma Endothelial Cells (EOMA cells) were used and cultured in Dulbecco's modified Eagle's medium (DMEM) plus 4.5g/liter glucose supplemented with 10% fetal bovine serum (FBS) and antibiotics under 37°C and 5% CO 2 . The culture medium was replaced once every two or three days. 293T and about 80%-confluence EOMA cells were washed with PBS and used in the experiments.
Lentiviral-mediated Short Hairpin RNA Silencing PDK1
Five short-hairpin RNA (shRNA) oligonucleotides were cloned into pLKO lentiviral expression system. The oligonucleotides encoding shRNA expression cassettes, targeting mouse PDK1, were as followed: #H6(GCGGCTTTGTGATTTGTATTA), #H7(GCCTGTTAGATTGGCAAATAT), #H8(GCCGAAAGACATGACCACATT), #H9(GCTGAGTATTTCTTTCAAGTT),#H10(CGGCTTTGTGATTTGTATTAT). shPDK1, PAX2, VSVG, and a transfecting reagent, polyethylenimine (Polysciences) in DMEM media, were mixed into a 400-µl transfected container to generate lentivirus particles. The mixture was incubated for 15 minutes at room temperature, and then added to HEK 293T cells (3x 10 6 cells per 6-cm plate), and then suspended in 3ml DMEM/10% FBS. 293T cells were incubated in a viral incubator at 37°C for 48 hours. The supernatant containing lentivirus particles was collected and filtered through a 0.45-µm syringe. For the viral transduction, hexadimethrine bromide (polybrene, 5 µg/ml) (Sigma), added to the viral supernatant, was then transferred directly to EOMA cells (1.5x10 6 cells per 6-cm plate). Four hours later, additional DMEM/10%FBS was added to the cells, and the cells were cultured overnight. Transduced cells were subsequently selected from puromycin (2 ug/ml) for 48 hours. pLKO-GFP was also transfected as the positive control. 
Cellular Physiology and Biochemistry
Western Blot Cells were washed in ice-cold phosphate-buffered saline, and whole-cell lysates were homogenized in the lysis buffer with 10μL Protease Inhibitor Cocktail (Sigma). Cell lysates were sonicated two times for 15 seconds and centrifuged at 14,000g for 15 minutes at 4°C. Clear lysates were then collected into a 1.5-ml EP tube, and used to determine total protein levels. After diluting with sample buffer (Laemmli's SDS-Sample Buffer, Boston BioProducts), equal amounts of protein (typically 20ug) were boiled for 3 minutes at 100°C and loaded onto 4-20%Tris-Glycine gels (Invitrogen) with 20ug protein in each lane. After that, proteins were transferred to nitrocellulose membranes (BIO-RAD). Nonspecific reactions were blocked for 1 hour in 5% dry milk solution and Tris-buffered saline plus 0.1% Tween-20 (TBST), and then incubated overnight with the appropriated primary antibody in 5% BSA/TBST under 4°C. Membranes were washed three times in TBST followed by incubation with the appropriated secondary horseradish peroxidase (HRP)-linked antibodies, and washed three times again. Membranes were developed with enhanced chemiluminescence reagents (Thermo Scientific, Rockford, IL), and exposed to film.
WST-1 cell proliferation assay
EOMA cells were divided into two groups: PDK1 silencing EOMA cells and pLKO control EOMA cells. According to the instructions of the manufacturer, 100ul per well of EOMA cells (1x10 3 /ml) were added in a 96-well plate, and incubated in complete medium for 48 hours. 10μL of WST-1 reagent was added to each well, and EOMA cells were incubated for another 4 hours. The absorbance of the samples was then measured at 490nm with a microplate reader (Molecular Device, California) after shaking for 1 min against the blank, a background control. Cell proliferation assays were in triplicates.
Cell migration assay
Transwell cell inserts with 8-μm pores were used. EOMA cells were also divided into two groups: PDK1 silencing EOMA cells and pLKO control EOMA cells. 100µl of Growth Factor-Reduced Matrigel (1mg/ mL, BD Biosciences) was added into the upper chamber of transwell, and incubated for 4 hours at 37°C and 5% CO 2 . 100μL of EOMA cells (1x10 5 /ml) was resuspended in DMED with 0.1% FBS, then seeded into the upper chamber. Lower chamber was filled with 600ul DMEM medium containing a chemoattractant (VEGF, 10ng/mL), and then cells were incubated for 24 hours. The unmigrated EOMA cells from the upper side of the inserts were scrapped, whereas the migrated EOMA cells were stained with Diff-Quick. After counting cells under the inverted microscope, the data was shown as the average of four high-power fields from triplicates after subtracting the average of cells migrating towards the medium without a chemoattractant.
Animals and Tumor Growth
Four-to six-week-old female Nu/Nu mice were used in the experiments. Mice were divided into two groups: PDK1 silencing group and pLKO group. Vascular tumor model was introduced by injecting the cells subcutaneously in the flanks of mice (2x10 5 cells per site, two sites/mouse, 5 mice per group). Mice were under close observation daily to monitor their general conditions, and then euthanized after 2 weeks. The volume of the tumor was measured daily with a caliper.
Statistical Analysis
Results were expressed as the means ± SE. The differences between the two groups were assessed by the two-tailed student's t test. The differences between the means were considered as significant if P<0.05.
Results
PDK1 over-expression in mouse hemangioma endothelial cells.
We examined the expression level of PDK1 presented in EOMA cells. High level of PDK1 was observed in EOMA cells compared with normal mouse lung and heart endothelial cells (Fig. 1) . Furthermore, lower levels of PTEN (Phosphatase and tensin homolog, PTEN) were seen in EOMA cell [7] . These findings indicated common aberrations in the PI3K/PDK1/Akt pathway, which may have contributed to the formation of hemangioma. Zheng 
The specificity of lentiviral-mediated shRNA inhibits the expression of PDK1 By using GFP as the positive control, it was proven that lentiviral gene silencing expression vector was constructed successfully with the stable ability of RNA interference. Western blot results suggested that shPDK1 clones inhibited the expression levels of the target proteins ( Fig. 2 and 3) . In this experiment, EOMA cells transfected by shPDK1#H8 were used as the cell strain to stabilize PDK1 silencing expression.
Deficiency of PDK1 significantly reduced the proliferation of EOMA cells
WST-1 colorimetric experiment was performed with stabilized PDK1 silencing EOMA cells to examine the effect of PDK1 on the proliferation of hemangioma cells. The cells were divided into two groups: PDK1 silencing EOMA cells and pLKO EOMA cells. 1x10 3 cells/well were inoculated in a 96-well culture plate with the volume of 100μl/well. Each group contains triplicates and one blank left as the control (adding medium only). After incubating for 48 hours, WST-1 was added. The samples were then incubated for another 4 hours. After zeroing with the blank, the absorbance (OD value) of each well was measured on a microplate reader at 490nm, and the relative OD ratio was used to indicate the cell proliferation capacity. The average was taken among the three-replicate wells in each group. By comparing with pLKO group, the proliferation capacity of EOMA cells in shPDK1 group was significantly reduced (Fig. 4, P<0 .05).
Deficiency of PDK1 significantly reduced the migration of EOMA cells
In order to detect how migration ability of EOMA cells changed after silencing of PDK1, EOMA-cell concentration was adjusted to 5x10 5 cells/ml for both pLKO and shPDK1 groups, and their migration abilities were tested through transwell assay. After close observation under a microscope, three high-power fields were randomly selected, and the numbers of cells that passed through Matrigel were counted. By comparing with pLKO control group, the result showed that the numbers of migrated cells in shPDK1 group were significantly reduced ( Fig. 5, P <0.05) . It further explained that the inhibition of PDK1 expression could significantly reduce the migration ability of hemangioma cells. 
Silencing of PDK1 inhibited the activity of Akt signaling pathway in EOMA cells
In order to investigate how PDK1 regulated the growth, proliferation, and invasion of hemangioma, the activation of Akt signaling pathway was examined. The cells were divided into two groups: pLKO and PDK1 silencing groups. The cells in each group were treated with three different ways: cell starvation treatment (cells were cultured in DMEM medium containing 0.1% FBS and incubated for 12 hours), VEGF treatment (cultured in 50nM VEGF and incubated for 10 minutes), and wortmannin treatment (cultured in 50nM wortmannin and incubated for 12 hours). Wortmannin is an inhibitor of PI3K, which was chosen as the positive control. After all the treatments, cell lysis solution was collected and the protein concentration was measured using Western Blot. After comparing with the control group, the result showed that the phosphorylation levels of Akt (Ser473), Akt (Thr308), and S6 in PDK1 silencing EOMA cells were all declined. Silencing PDK1 did not only decrease the phosphorylation of Akt (Thr308), but also reduced the phosphorylation levels of Ser473 and S6. Therefore, reduction of PDK1 gene expression could result in the decrease of Akt (Fig. 6) .
Silencing of PDK1 inhibited the growth of hemangioma in mice
The outcome of inhibiting PDK1 expression on hemangioma growth on mice was examined by establishing a subcutaneous hemangioma transplantation model. EOMA cells of pLKO and PDK1 silencing groups were injected subcutaneously into the flank of the nude mice respectively. The general conditions of the mice were closely observed, the tumor size was measured the following day. The volume of the tumor was calculated to be 0.53xlengthxwidth 2 . In comparison to the pLKO control group, the result showed that the volume of the tumor formed by PDK1 silencing group had significantly reduced (Fig. 7,  P<0 .05). The inhibition of PDK1 expression was able to significantly reduce the growth rate of hemangioma, and possibly prevent the formation of them on nude mice.
Discussion
The study has found that the abnormal activation of PI3K/Akt signaling pathway is a parallel consequence of the development of hemangioma. Therefore, this pathway could be an excellent target site for newly developed molecular hemangioma therapies. PI3K/Akt signaling pathway act on a series of cellular processes and reactions including gene expression regulation, cell cycle regulation, cell proliferation, differentiation, and so on [8] [9] [10] . Akt is a key protein kinase of this pathway, which regulates multiple downstream pathways such as MMP-2 (matrix metalloproteinase-2), IKK (inhibitor of nuclear factor kappa-B kinase), P21, and mTOR. As a result , cell proliferation, growth, anti-apoptosis and migration all take place. PDK1 is a kind of serine / threonine protein kinase. Research has showed that IGF1 (Insulinlike Growth Factor 1) can activate Akt in the normal cells, but cannot do so in PDK1-deficient cells [11] . PDK1 is an important upstream Akt activation protein kinase in mammalian cells, and can regulate series of the biological reactions by PI3K/Akt signaling pathway [12, 13] . As a central hub for many crucial cellular signaling pathways, PDK1 is widely found in many tissues, and plays a vital role in the tumor cell growth, anti-apoptosis, angiogenesis [14, 15] . Our study found that stable PDK1 silencing hemangioma vascular endothelial cells slowed down the growth, decreased proliferation and invasion abilities in vitro. The experiment of nude mice in vivo further confirmed that PDK1 silencing could significantly inhibit the growth of hemangiomas. These results presented that PDK1 was closely related to the growth, proliferation, and invasion of hemangioma. The study also illustrated that the silencing of PDK1 was associated with the inhibition of the phosphorylation in Akt and its downstream kinase S6. PDK1 is the upstream kinase of Akt at Thr308, therefore, it was evident that down-regulating PDK1 lead to the decrease of the phosphorylation levels of Akt at Thr308. However, in our study we also found a decrease in the level of phosphorylation of Akt at Ser473. Studies have said that the kinase responsible for phosphorylating Ser473 has been elusive for a long time and a range of different candidates has been proposed including Akt itself [16] , MAPKAP kinase 2 (mitogenactivated protein kinase-activated protein kinase 2) [17] , modified PDK1 [18] , ILK (integrin-linked kinase) [19] and conventional PKCs (protein kinase C isoforms) [20] . Those studies also demonstrated that phosphorylation of Akt Thr308 and Akt Ser473 levels had substantially been reduced in PDK1-deficient platelets [21] . The same result was proven in our study that PDK1-deficient induced the decrease of the phosphorylation Akt at Ser473 in EOMA cells and thereby participated in the inhibition of the tumor cell growth. In conclusion, PDK1 may become a new target of hemangioma treatment. However, further studies are required to understand the detailed mechanism of the occurrence, development, and metastasis of hemangioma.
